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Abstract 
We report the first determination either experimentally or 
theoretically of the electron impact ionization rate in bulk 
Ga05 In05 P based on an ensemble Monte Carlo simulation which 
includes a k-dependent formulation of the impact ionization 
transition rate. The new model contains no adjustable parameters 
and as such presents a means of directly evaluating the impact 
ionization rate without reliance on previous experimental 
measurements. The ionization transition rate is determined 
directly from the numerical evaluation of the matrix element 
including the full details of the band structure through a 15 
band kop calculation and is incorporated into an ensemble Monte 
Carlo simulation. The Monte Carlo calculation also includes the 
full details of the first two conduction bands and all of the 
relevant phonon scattering mechanisms. Based on these results and 
comparable ones in AlGaInP, we will soon be able to evaluate the 
performance of multiquantum well structures made from these 
materials. 
s•* 
In this report, we discuss our new model for the calculation 
of the electron impact ionization rate and its predictions when 
applied to bulk Ga05 1/105P. The full details of our model and the 
results of our calculations are reported in the enclosed paper, 
submitted for publication in Physica B, entitled, "Ensemble Monte 
Carlo calculation of electron impact ionization coefficients in 
bulk Ga0.5 In0.5 P using a k-dependent transition rate formulation", 
and in the copies of the overheads used in a presentation at the 
7th Trieste Semiconductor Symposium on Wide-Band-Gap 
Semiconductors, Trieste, Italy, June, 1992. Nevertheless, we will 
review the salient features of the model and the calculated 
results here. 
The overheads presented at the conference will be used as 
the basis for our discussion. The first issue we considered was 
the band structure of GaInP. As we discussed in a previous 
report, the band structure is obtained by interpolating 
parameters between the binary compounds InP and GaP respectively 
following the approach of Pollak et al. [1]. On the third slide, 
we present the calculated band structure of GaInP along the 
principal directions <100> and <111>. From the top of the diagram 
to the bottom, the energy bands are the second and first 
conduction bands, heavy hole, light hole and split-off hole bands 
respectively. 
The impact ionization transition rate is calculated using 
Fermi's Golden Rule as is shown in slide 4. The matrix element 
involves two overlap integrals, I(k i ,k 1 ') and I(k2 ,k 1 ') where k 1 
 and ki ' are the k-vectors corresponding to the incident electron 
both before and after the interaction respectively. k 2 is the k-
vector of the target electron before the collision and q o within 
the denominator is the screening factor. The overlap integrals 
within the matrix element are evaluated numerically using the kop 
formulation of Pollak et al. [1]. Using the numerically 
determined overlap integrals the transition rate is also 
evaluated numerically by integrating over the first Brillouin 
zone. 
The calculated transition rate is used within the ensemble 
Monte Carlo simulation to determine the probability of an impact 
ionization event occuring. As a means of comparison we include 
the calculation of the impact ionization rate based on the widely 
used Keldysh formula shown on slide 5. In this formulation of the 
impact ionization transition rate, two adjustable parameters 
exist, p and E th . These parameters are typically determined in 
order to obtain agreement with experimental measurements. 
However, in a case such as GaInP in which no experimental 
measurements are available these parameters are completely 
unknown and determination of the impact ionization rate in this 
manner is highly questionable. Hence, it was necessary for us to 
develop a new approach, that discussed here, which avoids 
parametrization since any parameters would be unknowable owing to 
the absence of experimental data. 
The actual procedure by which the ionization transition rate 
is calculated is shown in the flow chart of slide 7. As can be 
seen from this chart, the initial k vector and energy of the 
initiating carrier is chosen as, k 1 and E l . The final state of 
the initiating carrier is chosen next, k 1 ' and E l '. The final 
state is selected randomly within the first Brillouin zone. 
Energy conservation is maintained by insisting that E 1 is not 
less than E 1 ' + E9 . If it is a new final state is selected. 
Provided that energy conservation is maintained, the final state 
of the target electron, k 2 ' and E2 1 , is selected randomly. Again, 
energy conservation is maintained by insisting that the final 
energy of the target electron does not exceed the difference of 
the initial energy and the final energy of the initiating 
carrier. Provided that this condition is satisfied, the initial 
state of the target electron is selected from the conservation of 
momentum and energy and the overlap integrals are evaluated. The 
impact ionization transition rate is then determined. 
The transition rate for initiating electrons within the 
first two conduction bands is plotted in slide 8 at fixed k z , for 
various values of kx and ]c. As can be seen from these figures, 
the transition rate is greater in magnitude for carriers within 
the first conduction band, but the transition rate is nonzero at 
more points within the second conduction band. Though the number 
of locations within the first Brillouin zone for which the impact 
ionization transition rate is nonzero in the first conduction 
band are relatively few, the rate itself is very high at these 
points. Subsequently, once an electron scatters to a point where 
the ionization rate is nonzero while within the first band, it 
impact ionizes. This is called a "hard threshold" condition. 
Conversely, the ionization transition rate is substantially lower 
for an electron within the second conduction band though many 
more states have nonzero rates. This behavior is consistent with 
a "soft" threshold condition. The k-dependence of the transition 
rate can be assessed in the figure presented on slide 9. Here we 
plot the transition rate as a function of initiating k-vector 
along equi-energy surfaces of 2.5, 3.0, and 3.5 eV respectively. 
As can be seen from this figure, the rate varies substantially as 
a function of k along each equi-energy surface. Notice also that 
the rate is greater at higher energy than at lower energy in 
accordance with our expectations. 
Finally, the details of the Monte Carlo model are shown in 
Slides 11 and 12. We have discussed the Monte Carlo model in 
detail before and will omit any further mention except to note 
that the band structure has been improved in the new model to 
include 916 mesh points enabling a far more accurate 
determination of the energy of the electron during the 
simulation. 
The calculated results are presented in Slides 13 and 14. In 
Slide 13 we present the calculated electron impact ionization 
rate as a function of inverse applied electric field using both 
the current numerical model and the Keldysh formula for the 
impact ionization transition rate. As can be seen from Slide 13, 
good agreement between the two models is obtained. The parameters 
used in the Keldysh formula calculation are E th = 2.0 eV and 
p=0.5, values which are somewhat intermediate between the hard 
and soft threshold conditions. This is understandable since the 
ionization rate within the two bands is different; within the 
first conduction band the ionization rate behaves as with a hard 
threshold while within the second conduction band the ionization 
rate behaves as with a soft threshold. Therefore, since the 
electrons share time between the two bands, it is reasonable that 
the process would be somewhat intermediate between the soft and 
hard extremes. 
It is interesting to compare from what band the impact 
ionization events originate in the two models. The percentage of 
electrons ionizing from the first and second bands are plotted as 
a function of applied electric field for the two formulations, 
the k-dependent model and the Keldysh formula in slide 14. As can 
be seen from slide 14, most of the ionizations occur from within 
the first conduction band in the k-dependent model while in the 
Keldysh formula most of the ionizations occur within the second 
band. This is as expected since in the Keldysh formula the 
transition rate increases with energy independent of the k-
vector. Therefore, the transition rate is greater for higher 
energy carriers and as a result is greater for carriers within 
the second conduction band. Using the k-dependent model, the vast 
majority of ionizations occur within the first conduction band. 
This arises, as discussed above, from the high transition rate at 
certain points within the first conduction band. 
It should be noted that the numerical technique is expected 
to be far more accurate than the Keldysh formulation, since no 
parametrization is required. The new model though is not complete 
since it does not address quantum mechanical broadening effects 
in the determination of the transition rate. Nevertheless, the 
new model is a big step towards the development of a truly first 
principles formulation of the impact ionization rate. The 
accuracy of the model is still unknown pending experimental 
measurements in GaInP or comparison to a set standard, GaAs for 
example. Currently, we are working on comparing our model to GaAs 
and Ge to test its accuracy. This will be reported at a later 
date. 
During the next two-three months, we will extend our 
calculations to A1GaInP and determine the electron ionization 
rate in this material system. Coupled with the simulation for 
GaInP, we will be able to study the ionization rate in 
multiquantum well APDs made from these materials and determine 
their gain. Next we will improve our hole simulator and determine 
the hole impact ionization rates in these materials. 
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We present calculations of the electron impact 
ionization rates in bulk GaInP based on an 
ensemble Monte Carlo simulation which includes a 
k-dependent formulation of the impact ionization 
transition rate. The ionization transition rate 
is calculated directly from the numerical 
evaluation of the matrix element including the 
full details of the band structure. The new model 
has no adjustable parameters. The Monte Carlo 
simulation also includes the full details of the 
first two conduction bands and all relevant 
phonon scattering mechanisms. The results from 
the k-dependent model are compared to another 
calculation based on the Keldysh formula assuming 









THE MATERIAL - GaInP 




■ The Equation 
27r 
Wimp = I -T IM' 2  6(Ef — Ei)dSf 
■ The Matrix Element in above Equation 
Ai = ( e2 /Ev)/(Ki, Ki)/(2, Ki)  
IKi — Ki 1 2 + qd 
The Solutions 
■ Keldysh's Formula 
— st. . r)
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Our Approach 
  
■Using Monte Carlo Integration Method 
■Using Band Structure from k.p Calculation 
■Calculate Electron Wave Function Using k.p Method 
■No Adjustable Parameters 
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K-VECTOR 
E = 2.5 eV E = 3.0 eV E = 3.5 eV 
Discussions 
■Only a Few States in the First Conduction Band Have 
Very High Rates, Implying A Relatively "Hard" 
Threshold. 
■Most States in the Second Conduction Band are above 
the Threshold. 
■The k-Dependence of the Transition Rates Is Evident 
along Equi-Energy Surfaces. 
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Monte Carlo Simulation 
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Some Details 
 
■Including Two Conduction Bands 
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• Acoustic 
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Discussions 
■ In K-dependent Model, More Electron Impact 
Ionizations in the First Conduction Band, Because of 
the Relatively "Hard" Threshold. 
■ In the Model Using Keldysh's Formula, More Impact 
Ionizations from the Second Conduction Band Because 
the Ionization Probability Increases with Energy in the 




• The Impact Ionization Transition Rate Is k-Dependent in 
GaInP. 
■The K-dependent Impact Ionization Rate Model Has No 
Adjustable Parameters and Has a Good Agreement 
with the Model Using the Two-Parameter Keldysh 
Formula. 
■Due to the Lack of Experimental Data, the Study is 
Incomplete without Justification from Experiments. 
■Better Understanding of Impact Ionization Process 
Needs a Quantum Mechanical Formulation of the 
Impact Ionization Transition Rate. 
Ensemble Monte Carlo Calculation of Electron 
Impact Ionization Coefficients in Bulk Ga0.51n.o5P 
Using a k-Dependent Transition Rate Formulation 
Yang Wang 
and 
Kevin F. Brennan 
School of Electrical Engineering 
and 
Microelectronics Research Center 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0250, USA 
ABSTRACT 
We present calculations of the electron impact ionization rate in bulk Ga0.51n.05P based on 
an ensemble Monte Carlo simulation which includes a k-dependent formulation of the impact 
ionization transition rate. The new model employed contains no adjustable parameters. The 
ionization transition rate is calculated directly from the numerical evaluation of the matrix element 
including the full details of the band structure through a 15 band lip calculation and is incorporated 
into an ensemble Monte Carlo simulation. The Monte Carlo calculation also includeS the full 
details of the first two conduction bands and all of the relevant phonon scattering mechanisms. 
The k-dependent ionization rate results are compared to another calculation based on the Keldysh 
formula. It is found that the k-dependent ionization rate is consistent with that calculated with 
the Keldysh formula assuming a threshold of 2.0 eV and a P factor of 0.5. 
1 
L Introduction 
Ga0.5In.05P and A10.26Gao.261no.481)  are potential candidates for use in optical photodetectors 
owing to their relatively wide, direct energy bandgaps [1]. Due to the direct bandgaps present 
in these materials, it is expected that the quantum efficiency of detectors made from GaInP and 
AlGaInP will be high. Coupled with the fact that Gala and AlGaInP are closely lattice matched 
to themselves as well as GaAs/AIGaAs, these material systems are attractive for use in new 
multi-quantum well avalanche photodiode (APDs) schemes [2-7]. 
As is well known, low noise detection at high bandwidth can be achieved in interband impact 
ionization APDs through the suppression of the secondary carrier impact ionization rate [8,9]. 
Unfortunately, most compound semiconductors exhibit nearly equal electron and hole impact 
ionization rates leading to poor overall performance of APDs fabricated with these materials [10]. 
Chin et al. [2] first recognized that the electron to hole impact ionization rates ratio could be 
altered through the presence of a band edge discontinuity formed at a heterointerface. Further 
refinements of the original idea [3-6] have been made. Among these refinements are the doped 
barrier and doped quantum well APD structures [5-7]. Recent experimental measurements [11] 
made on doped multiquantum well GaAs/A1GaAs APDs have demonstrated the lowest noise 
performance to date of any compound semiconductor APD. The expermental measurements [11] 
confirm the predicted low voltage operating performance of these devices [7] as well as show 
noise performance near that of silicon APDs. 
The doped barrier/ doped quantum well APD devices are not restricted to being made from 
GaAs/AIGaAs. These structures can be grown using virtually any lattice matched materials which 
can be highly doped n and p type. Additionally, in the ideal implementation of the doped barrier 
APD, the conduction band edge discontinuity should exceed that of the valence band. Though 
GaInP and AlGaInP are technologically immature such that the answers to these questions are 
not presently known, it is nevertheless quite likely that these materials will be useful in a doped 
multiquantum well APD. Assessment of the potential noise performance of GaInP/AlGaInP 
multiquantum well APDs requires the measurement or calculation of the electron and hole impact 
ionization rates. To the authors' knowledge, no experimental measurements of the electron 
2 
and hole impact ionization rates in either bulk GaInP or AIGaInP or in related structures exist. 
Therefore, in order to assess the potential performance of GaInP/AIGaInP multiquantum well 
APDs, it is necessary to calculate the electron and hole impact ionization rates in these materials. 
In this paper, we present the first calculations of the electron impact ionization rate in bulk 
GaInP providing the first step towards evaluating the performance of GaInP/AIGaInP multiquan-
tum well APDs. The calculations are performed using a new formulation of the impact ionization 
transition rate which includes the k-dependence of the rate so as to avoid parametrization. The 
ionization transition rate is calculated directly from the numerical evaluation of the matrix ele-
ment including the full details of the band structure through a 15 band k•p calculation [12] and 
is incorporated into an ensemble Monte Carlo simulation. The details of the 'model are described 
in Section 2. The calculated results using the k-dependent transition rate model as well as those 
determined from use of the Keldysh formula [13] are presented in Section 3. Finally, conclusions 
are drawn in Section 4. 
IL Model Description 
The important new feature employed within the present model is the use of a k-dependent 
impact ionization transition rate. The impact ionization process is treated as an additional 
scattering mechanism within the Monte Carlo program. The manner in which the transition rate 
is calculated is summarized as follows. The interband impact ionization transition rate can be 
expressed using Fermi's golden rule as [14], 
Wimp = T imi2b(Ef - Ei)dsi 	 (1) 
where it is assumed that the valence band state is always initially occupied and the final conduction 
band states are entirely empty. The matrix element, M, is taken to be a screened Coulomb 
interaction between the initial and target electrons and is given by, 
= ( e2/ev)I(KI , KDI(K2 , Ka  (2) 
'Kt 	i 2 + d 
where K1 and If; are the k-vectors corresponding to the incident electron both before and 
after the interaction respectively. Similarly, K2 and lq represent the target electron k-vectors 
3 
both before and after the collision and q o is the static screening factor which is assumed equal to 
the Debye length [14]. The matrix element is evaluated numerically with Monte Carlo Integration 
Technique using a 15 band k•p calculation of the bandstructure. The delta function in Eq. (1) is 
treated as a rectangle of unit area and width 0.2 eV so that the energy conservation is satisfied to 
within ±0.1 eV. 
The ensemble Monte Carlo simulation itself includes the first two conduction bands of GaInP 
calculated using the k•p method. Electrons can move between the two bands only as a result of 
a scattering event; interband tunneling transitions are not included in the simulation. The E(k) 
mesh used in the program has been extended to 916 points within the reduced zone (1/48th of the 
full Brillouin zone) following the approach of Fischetti and Laux [15]. As is done in reference 15, 
the first and second derivatives of E(k) are calculated at each mesh point for use in interpolating 
the energy as a function of k. All of the relevant phonon scattering mechanisms are also included 
in the simulation. 
The impact ionization transition rate is calculated at each of the 916 mesh points within the 
reduced zone generating a three dimensional grid. The value of the impact ionization transition 
rate at intermediate points not exactly on the grid points is determined as follows. Provided 
the rate does not vanish at any of the mesh points bounding the desired interpolation point, the 
transition rate is determined from the weighted average of the boundary points. This method 
obviously fails if at one or more of the boundary points the transition rate vanishes. Under this 
condition, the transition rate at the intermediate point is taken to be equal to the value of the 
transition rate at the nearest mesh point. Though this is not precise, aside from recalculating the 
transition rate for each such occurence (presently impracticable due to computer time limitations), 
it is, nevertheless, a reasonable assumption to make. 
Calculated Results 
The band structure of GaInP along the <100> and <111> crystallographic directions calculated 
using a 15 band k•p method is shown in Fig. 1. It is used in both the calculation of impact ionization 
transition rate and Monte Carlo simulation as described above. 
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The impact ionization transition rates for initiating electron states within the second conduction 
band along three different equi-energy surfaces within the reduced Brillouin zone are plotted in 
Fig. 2. The three equi-energy surfaces sampled are, 2.5 eV, 3.0 eV and 3.5 eV, respectively. 
Though the average transition rate increases with energy as expected, it is clearly seen that 
the impact ionization transition rate varies at different k-states along the equi-energy surface. 
Therefore, it is necessary to include the k-dependence of the impact ionization transition rate in 
the simulation. 
The calculated impact ionization coefficients vs. applied electric field in bulk GaInP are shown 
in Fig. 3. The results calculated using the Keldysh formula are also plotted as a comparison. The 
Keldysh formula is obtained by integrating Eq. 1 analytically assuming a parabolic bandstructure, 
and is written as 
E 
Et
— Eth  ‘2 
Wimp = W(Eth)P( 	 (3) 
where Eth is the threshold energy, W(E th) is the scattering rate at E=Eth, and P is a constant. To 
use Keldysh's formula in nonparabolic bandstructures, it is common practice to take P and Ea as 
adjustable parameters. In the calculation made here, PC1.5 and E th=2.0 eV are used. Inspection 
of Fig. 3 shows fairly good agreement between the two models. Therefore, we conclude that the 
more accurate k-dependent model of the impact ionization transition rate as applied to GaInP is 
consistent with calculations based on the Keldysh formula with a threshold intermediate between 
the hard and soft extremes. However, it is important to note that there is no adjustable parameter 
in the newmodel of the impact ionization process while there are two adjustable parameters in the 
Keldysh formula. 
IV. Conclusions 
In this paper, we have presented calculations of the electron impact ionization coefficients 
using a k-dependent impact ionization transition rate in bulk GaInP. The new model of the 
impact ionization transition rate uses a realistic band structure, and has no adjustable parameters, 
compared to two parameters in the widely used Keldysh formula. It is found that the transition 
rate varies significantly at different k-states along an equi-energy surface within the reduced zone. 
5 
The calculated results show that the second conduction band plays a important role in the 
impact ionization process in GaInP. At relatively low applied electric fields, the impact ionization 
events are mostly from the first conduction band. As the electric field increases, more impact 
ionizations occur from the electrons in the second conduction band. 
Due to the lack of experimental data and computational limitations, this study can only serve 
as a first step towards understanding the impact ionization process in GaInP. A more accurate 
calculation of the impact ionization transition rate requires a full quantum mechanical treatment 
in which the energy conserving delta function is replaced by a Lorentzian. In such a model, there 
would be a broadening of the energy levels providing a natural spread with which the integration 
conditions would be satisfied. We delay to a future work discussion of this point in detail. 
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Figure Captions 
Figure 1: Band structure along the <100> and <111) crystallographic directions of Ga0.51n,o5P 
calculated using a 15 band 1E•p method [12]. The curves from top to bottom in the diagram are the 
second conduction band, the first conduction band, the heavy hole, the light hole and the split-off 
band, respectively. 
Figure 2: Calculated impact ionization transition rates along the 2.5, 3.0, and 3.5 eV equi-energy 
surfaces. 
Figure 3: Calculated electron impact ionization coefficients vs. applied electric field. The solid 
curve is from the k-dependent impact ionization transition rate model, while the dashed curve 
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Using a k-Dependent Transition Rate Formulation 
Yang Wang 
and 
Kevin F. Brennan 
School of Electrical Engineering 
and 
Microelectronics Research Center 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0250, USA 
ABSTRACT 
We present calculations of the electron impact ionization rate in bulk Ga o.51n.05P based on 
an ensemble Monte Carlo simulation which includes a k-dependent formulation of the impact 
ionization transition rate. The new model employed contains no adjustable parameters. The 
ionization transition rate is calculated directly from the numerical evaluation of the matrix element 
including the full details of the band structure through a 15 band k•p calculation and is incorporated 
into an ensemble Monte Carlo simulation. The Monte Carlo calculation also includei the full 
details of the first two conduction bands and all of the relevant phonon scattering mechanisms. 
The k-dependent ionization rate results are compared to another calculation based on the Keldysh 
formula. It is found that the k-dependent ionization rate is consistent with that calculated with 
the Keldysh formula assuming a threshold of 2.0 eV and a P factor of 0.5. 
L Introduction 
Ga0.5In.05P and A10.26Ga3.261no.481)  are potential candidates for use in optical photodetectors 
owing to their relatively wide, direct energy bandgaps [1]. Due to the direct bandgaps present 
in these materials, it is expected that the quantum efficiency of detectors made from Gala and 
AIGaInP will be high. Coupled with the fact that GaInP and AIGaInP are closely lattice matched 
to themselves as well as GaAs/AIGaAs, these material systems are attractive for use in new 
multi-quantum well avalanche photodiode (APDs) schemes [2-7]. 
As is well known, low noise detection at high bandwidth can be achieved in interband impact 
ionization APDs through the suppression of the secondary carrier impact ionization rate [8,9]. 
Unfortunately, most compound semiconductors exhibit nearly equal electron and hole impact 
ionization rates leading to poor overall performance of APDs fabricated with these materials [10]. 
Chin et al. [2] first recognized that the electron to hole impact ionization rates ratio could be 
altered through the presence of a band edge discontinuity formed at a heterointerface. Further 
refinements of the original idea [3-6] have been made. Among these refinements are the doped 
barrier and doped quantum well APD structures [5-7]. Recent experimental measurements [1 1] 
made on doped multiquantum well GaAs/AIGaAs APDs have demonstrated the lowest noise 
performance to date of any compound semiconductor APD. The experrnental measurements [1 1] 
confirm the predicted low voltage operating performance of these devices [7] as well as show 
noise performance near that of silicon APDs. 
The doped barrier/ doped quantum well APD devices are not restricted to being made from 
GaAs/AIGaAs. These structures can be grown using virtually any lattice matched materials which 
can be highly doped n and p type. Additionally, in the ideal implementation of the doped barrier 
APD, the conduction band edge discontinuity should exceed that of the valence band. Though 
GaInP and AIGaInP are technologically immature such that the answers to these questions are 
not presently known, it is nevertheless quite likely that these materials will be useful in a doped 
multiquantum well APD. Assessment of the potential noise performance of GaInP/A]GalnP 
multiquantum well APDs requires the measurement or calculation of the electron and hole impact 
ionization rates. To the authors' knowledge, no experimental measurements of the electron 
2 
and hole impact ionization rates in either bulk GaInP or AIGaInP or in related structures exist. 
Therefore, in order to assess the potential performance of GaInP/A]GaInP multiquantum well 
APDs, it is necessary to calculate the electron and hole impact ionization rates in these materials. 
In this paper, we present the first calculations of the electron impact ionization rate in bulk 
GaInP providing the first step towards evaluating the performance of GaInP/AlGaInP multiquan-
tum well APDs. The calculations are performed using a new formulation of the impact ionization 
transition rate which includes the k-dependence of the rate so as to avoid parametrization. The 
ionization transition rate is calculated directly from the numerical evaluation of the matrix ele-
ment including the full details of the band structure through a 15 band k• calculation [12] and 
is incorporated into an ensemble Monte Carlo simulation. The details of the 'model are described 
in Section 2. The calculated results using the k-dependent transition rate model as well as those 
determined from use of the Keldysh formula [13] are presented in Section 3. Finally, conclusions 
are drawn in Section 4. 
IL Model Description 
The important new feature employed within the present model is the use of a k-dependent 
impact ionization transition rate. The impact ionization process is treated as an additional 
scattering mechanism within the Monte Carlo program. The manner in which the transition rate 
is calculated is summarized as follows. The interband impact ionization transition rate can be 
expressed using Fermi's golden rule as [14], 
2w 
147,;„,p = —IM126(Ef — Ei)dSti 	 ( 1 )J 
where it is assumed that the valence band state is always initially occupied and the final conduction 
band states are entirely empty. The matrix element, M, is taken to be a screened Coulomb 
interaction between the initial and target electrons and is given by, 





where K1 and K are the k-vectors corresponding to the incident electron both before and 
after the interaction respectively. Similarly, K2 and ICI represent the target electron k-vectors 
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both before and after the collision and qo is the static screening factor which is assumed equal to 
the Debye length [14]. The matrix element is evaluated numerically with Monte Carlo Integration 
Technique using a 15 band k•p calculation of the bandstructure. The delta function in Eq. (1) is 
treated as a rectangle of unit area and width 0.2 eV so that the energy conservation is satisfied to 
within ±0.1 eV. 
The ensemble Monte Carlo simulation itself includes the first two conduction bands of GaInP 
calculated using the k•p method. Electrons can move between the two bands only as a result of 
a scattering event; interband tunneling transitions are not included in the simulation. The E(k) 
mesh used in the program has been extended to 916 points within the reduced zone (1/48th of the 
full Brillouin zone) following the approach of Fischetti and Laux [15]. As is done in reference 15, 
the first and second derivatives of E(k) are calculated at each mesh point for use in interpolating 
the energy as a function of k. All of the relevant phonon scattering mechanisms are also included 
in the simulation. 
The impact ionization transition rate is calculated at each of the 916 mesh points within the 
reduced zone generating a three dimensional grid. The value of the impact ionization transition 
rate at intermediate points not exactly on the grid points is determined as follows. Provided 
the rate does not vanish at any of the mesh points bounding the desired interpolation point, the 
transition rate is determined from the weighted average of the boundary points. This method 
obviously fails if at one or more of the boundary points the transition rate vanishes. Under this 
condition, the transition rate at the intermediate point is taken to be equal to the value of the 
transition rate at the nearest mesh point. Though this is not precise, aside from recalculating the 
transition rate for each such occurence (presently impracticable due to computer time limitations), 
it is, nevertheless, a reasonable assumption to make. 
III. Calculated Results 
The band structure of GaInP along the <100> and <111> crystallographic directions calculated 
using a 15 band k•p method is shown in Fig. 1. It is used in both the calculation of impact ionization 
transition rate and Monte Carlo simulation as described above. 
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The impact ionization transition rates for initiating electron states within the second conduction 
band along three different equi-energy surfaces within the reduced Brillouin zone are plotted in 
Fig. 2. The three equi-energy surfaces sampled are, 2.5 eV, 3.0 eV and 3.5 eV, respectively. 
Though the average transition rate increases with energy as expected, it is clearly seen that 
the impact ionization transition rate varies at different k-states along the equi-energy surface. 
Therefore, it is necessary to include the k-dependence of the impact ionization transition rate in 
the simulation. 
The calculated impact ionization coefficients vs. applied electric field in bulk GaInP are shown 
in Fig. 3. The results calculated using the Keldysh formula are also plotted as a comparison. The 
Keldysh formula is obtained by integrating Eq. 1 analytically assuming a parabolic bandstructure, 
and is written as 
Wimp = W(Egh)P(
E — Eth 
 ) 2 	 (3) Et h 
where Eth is the threshold energy, W(E g h ) is the scattering rate at E=Eth, and P is a constant. To 
use Keldysh's formula in nonparabolic bandstructures, it is common practice to take P and Fitt as 
adjustable parameters. In the calculation made here, PZ).5 and E th=2.0 eV are used. Inspection 
of Fig. 3 shows fairly good agreement between the two models. Therefore, we conclude that the 
more accurate k-dependent model of the impact ionization transition rate as applied to GaInP is 
consistent with calculations based on the Keldysh formula with a threshold intermediate between 
the hard and soft extremes. However, it is important to note that there is no adjustable parameter 
in the newmodel of the impact ionization process while there are two adjustable parameters in the 
Keldysh formula. 
Conclusions 
In this paper, we have presented calculations of the electron impact ionization coefficients 
using a k-dependent impact ionization transition rate in bulk GaInP. The new model of the 
impact ionization transition rate uses a realistic band structure, and has no adjustable parameters, 
compared to two parameters in the widely used Keldysh formula. It is found that the transition 
rate varies significantly at different k-states along an equi-energy surface within the reduced zone. 
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The calculated results show that the second conduction band plays a important role in the 
impact ionization process in GaInP. At relatively low applied electric fields, the impact ionization 
events are mostly from the first conduction band. As the electric field increases, more impact 
ionizations occur from the electrons in the second conduction band. 
Due to the lack of experimental data and computational limitations, this study can only serve 
as a first step towards understanding the impact ionization process in GaInR A more accurate 
calculation of the impact ionization transition rate requires a full quantum mechanical treatment 
in which the energy conserving delta function is replaced by a Lorentzian. In such a model, there 
would be a broadening of the energy levels providing a natural spread with which the integration 
conditions would be satisfied. We delay to a future work discussion of this point in detail. 
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Figure Captions 
Figure 1: Band structure along the <100> and <111) crystallographic directions of GamIn.05P 
calculated using a 15 band k-p method [12]. The curves from top to bottom in the diagram are the 
second conduction band, the first conduction band, the heavy hole, the light hole and the split-off 
band, respectively. 
Figure 2: Calculated impact ionization transition rates along the 2.5, 3.0, and 3.5 eV equi-energy 
surfaces. 
Figure 3: Calculated electron impact ionization coefficients vs. applied electric field. The solid 
curve is from the k-dependent impact ionization transition rate model, while the dashed curve 
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Abstract 
We report the first determination either experimentally or 
theoretically of the electron impact ionization rate in bulk 
Ga05 In05 P based on an ensemble Monte Carlo simulation which 
includes a k-dependent formulation of the impact ionization 
transition rate. The new model contains no adjustable parameters 
and as such presents a means of directly evaluating the impact 
ionization rate without reliance on previous experimental 
measurements. The ionization transition rate is determined 
directly from the numerical evaluation of the matrix element 
including the full details of the band structure through a 15 
band kop calculation and is incorporated into an ensemble Monte 
Carlo simulation. The Monte Carlo calculation also includes the 
full details of the first two conduction bands and all of the 
relevant phonon scattering mechanisms. Based on these results and 
comparable ones in A1GaInP, we will soon be able to evaluate the 
performance of multiquantum well structures made from these 
materials. 
In this report, we discuss our new model for the calculation 
of the electron impact ionization rate and its predictions when 
applied to bulk Ga 0.5 In0.5 P. The full details of our model and the 
results of our calculations are reported in the enclosed paper, 
submitted for publication in Physica B, entitled, "Ensemble Monte 
Carlo calculation of electron impact ionization coefficients in 
bulk Ga0.5 In0.5P using a k-dependent transition rate formulation", 
and in the copies of the overheads used in a presentation at the 
7th Trieste Semiconductor Symposium on Wide-Band-Gap 
Semiconductors, Trieste, Italy, June, 1992. Nevertheless, we will 
review the salient features of the model and the calculated 
results here. 
The overheads presented at the conference will be used as 
the basis for our discussion. The first issue we considered was 
the band structure of GaInP. As we discussed in a previous 
report, the band structure is obtained by interpolating 
parameters between the binary compounds InP and GaP respectively 
following the approach of Pollak et al. [1]. On the third slide, 
we present the calculated band structure of GaInP along the 
principal directions <100> and <111>. From the top of the diagram 
to the bottom, the energy bands are the second and first 
conduction bands, heavy hole, light hole and split-off hole bands 
respectively. 
The impact ionization transition rate is calculated using 
Fermi's Golden Rule as is shown in slide 4. The matrix element 
involves two overlap integrals, I(k i ,k1 ') and I(k2 ,k 1 ') where k i 
 and k1 ' are the k-vectors corresponding to the incident electron 
both before and after the interaction respectively. k 2 is the k-
vector of the target electron before the collision and ch within 
the denominator is the screening factor. The overlap integrals 
within the matrix element are evaluated numerically using the kop 
formulation of Pollak et al. [1]. Using the numerically 
determined overlap integrals the transition rate is also 
evaluated numerically by integrating over the first Brillouin 
zone. 
The calculated transition rate is used within the ensemble 
Monte Carlo simulation to determine the probability of an impact 
ionization event occuring. As a means of comparison we include 
the calculation of the impact ionization rate based on the widely 
used Keldysh formula shown on slide 5. In this formulation of the 
impact ionization transition rate, two adjustable parameters 
exist, p and E th . These parameters are typically determined in 
order to obtain agreement with experimental measurements. 
However, in a case such as GaInP in which no experimental 
measurements are available these parameters are completely 
unknown and determination of the impact ionization rate in this 
manner is highly questionable. Hence, it was necessary for us to 
develop a new approach, that discussed here, which avoids 
parametrization since any parameters would be unknowable owing to 
the absence of experimental data. 
The actual procedure by which the ionization transition rate 
is calculated is shown in the flow chart of slide 7. As can be 
seen from this chart, the initial k vector and energy of the 
initiating carrier is chosen as, k 1 and E 1 . The final state of 
the initiating carrier is chosen next, k l ' and E l '. The final 
state is selected randomly within the first Brillouin zone. 
Energy conservation is maintained by insisting that E 1 is not 
less than E l ' + E. If it is a new final state is selected. 
Provided that energy conservation is maintained, the final state 
of the target electron, k2 ' and E2 ', is selected randomly. Again, 
energy conservation is maintained by insisting that the final 
energy of the target electron does not exceed the difference of 
the initial energy and the final energy of the initiating 
carrier. Provided that this condition is satisfied, the initial 
state of the target electron is selected from the conservation of 
momentum and energy and the overlap integrals are evaluated. The 
impact ionization transition rate is then determined. 
The transition rate for initiating electrons within the 
first two conduction bands is plotted in slide 8 at fixed k z , for 
various values of k x and ky . As can be seen from these figures, 
the transition rate is greater in magnitude for carriers within 
the first conduction band, but the transition rate is nonzero at 
more points within the second conduction band. Though the number 
of locations within the first Brillouin zone for which the impact 
ionization transition rate is nonzero in the first conduction 
band are relatively few, the rate itself is very high at these 
points. Subsequently, once an electron scatters to a point where 
the ionization rate is nonzero while within the first band, it 
impact ionizes. This is called a "hard threshold" condition. 
Conversely, the ionization transition rate is substantially lower 
for an electron within the second conduction band though many 
more states have nonzero rates. This behavior is consistent with 
a "soft" threshold condition. The k-dependence of the transition 
rate can be assessed in the figure presented on slide 9. Here we 
plot the transition rate as a function of initiating k-vector 
along equi-energy surfaces of 2.5, 3.0, and 3.5 eV respectively. 
As can be seen from this figure, the rate varies substantially as 
a function of k along each equi-energy surface. Notice also that 
the rate is greater at higher energy than at lower energy in 
accordance with our expectations. 
Finally, the details of the Monte Carlo model are shown in 
Slides 11 and 12. We have discussed the Monte Carlo model in 
detail before and will omit any further mention except to note 
that the band structure has been improved in the new model to 
include 916 mesh points enabling a far more accurate 
determination of the energy of the electron during the 
simulation. 
The calculated results are presented in Slides 13 and 14. In 
Slide 13 we present the calculated electron impact ionization 
rate as a function of inverse applied electric field using both 
the current numerical model and the Keldysh formula for the 
impact ionization transition rate. As can be seen from Slide 13, 
good agreement between the two models is obtained. The parameters 
used in the Keldysh formula calculation are E th = 2.0 eV and 
p=0.5, values which are somewhat intermediate between the hard 
and soft threshold conditions. This is understandable since the 
ionization rate within the two bands is different; within the 
first conduction band the ionization rate behaves as with a hard 
threshold while within the second conduction band the ionization 
rate behaves as with a soft threshold. Therefore, since the 
electrons share time between the two bands, it is reasonable that 
the process would be somewhat intermediate between the soft and 
hard extremes. 
It is interesting to compare from what band the impact 
ionization events originate in the two models. The percentage of 
electrons ionizing from the first and second bands are plotted as 
a function of applied electric field for the two formulations, 
the k-dependent model and the Keldysh formula in slide 14. As can 
be seen from slide 14, most of the ionizations occur from within 
the first conduction band in the k-dependent model while in the 
Keldysh formula most of the ionizations occur within the second 
band. This is as expected since in the Keldysh formula the 
transition rate increases with energy independent of the k-
vector. Therefore, the transition rate is greater for higher 
energy carriers and as a result is greater for carriers within 
the second conduction band. Using the k-dependent model, the vast 
majority of ionizations occur within the first conduction band. 
This arises, as discussed above, from the high transition rate at 
certain points within the first conduction band. 
It should be noted that the numerical technique is expected 
to be far more accurate than the Keldysh formulation, since no 
parametrization is required. The new model though is not complete 
since it does not address quantum mechanical broadening effects 
in the determination of the transition rate. Nevertheless, the 
new model is a big step towards the development of a truly first 
principles formulation of the impact ionization rate. The 
accuracy of the model is still unknown pending experimental 
measurements in GaInP or comparison to a set standard, GaAs for 
example. Currently, we are working on comparing our model to GaAs 
and Ge to test its accuracy. This will be reported at a later 
date. 
During the next two-three months, we will extend our 
calculations to A1GaInP and determine the electron ionization 
rate in this material system. Coupled with the simulation for 
GaInP, we will be able to study the ionization rate in 
multiguantum well APDs made from these materials and determine 
their gain. Next we will improve our hole simulator and determine 
the hole impact ionization rates in these materials. 
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We present calculations of the electron impact 
ionization rates in bulk GaInP based on an 
ensemble Monte Carlo simulation which includes a 
k-dependent formulation of the impact ionization 
transition rate. The ionization transition rate 
is calculated directly from the numerical 
evaluation of the matrix element including the 
full details of the band structure. The new model 
has no adjustable parameters. The Monte Carlo 
simulation also includes the full details of the 
first two conduction bands and all relevant 
phonon scattering mechanisms. The results from 
the k-dependent model are compared to another 
calculation based on the Keldysh formula assuming 








THE MATERIAL - GaInP 





• The Equation 
Wimp = f 2 7r IMI 2  5(E f - Ei )dS f 
■ The Matrix Element in above Equation 
(e2lev) /(Ki, Ki)/(K2,  
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The Solutions 
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• Using Monte Carlo Integration Method 
• Using Band Structure from k.p Calculation 
■Calculate Electron Wave Function Using k.p Method 
■No Adjustable Parameters 
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■Only a Few States in the First Conduction Band Have 
Very High Rates, Implying A Relatively "Hard" 
Threshold. 
■Most States in the Second Conduction Band are above 
the Threshold. 
• The k-Dependence of the Transition Rates Is Evident 
along Equi-Energy Surfaces. 
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■ In K-dependent Model, More Electron Impact 
Ionizations in the First Conduction Band, Because of 
the Relatively "Hard" Threshold. 
■ In the Model Using Keldysh's Formula, More Impact 
Ionizations from the Second Conduction Band Because 
the Ionization Probability Increases with Energy in the 
Energy Range investigated. 
CONCLUSIONS 
■The Impact Ionization Transition Rate Is k-Dependent in 
GaInP. 
■The K-dependent Impact Ionization Rate Model Has No 
Adjustable Parameters and Has a Good Agreement 
with the Model Using the Two-Parameter Keldysh 
Formula. 
■Due to the Lack of Experimental Data, the Study is 
Incomplete without Justification from Experiments. 
■Better Understanding of Impact Ionization Process 
Needs a Quantum Mechanical Formulation of the 
Impact Ionization Transition Rate. 
